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The ordered complex perovskite Ba2CoWO6 has been studied for the ﬁrst time by employing both the
local spin density approximation (LSDA) and LSDA þ U procedure. The crystal structure of Ba2CoWO6 is
found to be face-centered cubic (Fm-3m space group) with rock-salt-type cation ordering and lattice
constant of (a ¼ 8.031 Å). A detailed study on the electronic and magnetic structures of Ba2CoWO6 has
been carried out by using the density functional theory (DFT). Moreover, the crystal-ﬁeld and spin-
exchange splitting together with the [eO2(2p)eCo2þ(3d)eO2(2p)eW6þ(5d)eO2(2p)e] hybridiza-
tion have been investigated by means of total and partial density of states (DOS). The 3d electron
eelectron correlation between Co2þ ions has a great signiﬁcance to the electronic structure and leads to
half-metallic behavior. The theoretical results in this study are in favorable agreement with the previous
experimental studies.
© 2014 The Author. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
There has been intense studies over the last two decades
focused on the magnetic transition-metal complex perovskite ox-
ide materials (A2BB0O6) that display negative colossal magnetore-
sistance (eCMR) in lowmagnetic ﬁeld [1]. Magnetoresistance (MR)
is a unique property ofmagnetic materials which is being crucial for
rapid development of magneto-electronic technology, such as
magnetic sensors, read-head, electrodes in solid oxide fuel cells,
etc. CMR phenomenon is deﬁned as a large change in electrical
resistance (R) of a material in response to an applied magnetic ﬁeld
(H) [2,3]; the CMR percentage can be calculated using:
CMR ¼ RH  R0
R0
% (1)
where, RH and R0 are the electrical resistances with and without
(H ¼ 0) external magnetic ﬁeld, respectively. With this deﬁnition,
the CMR has a maximum value of 100%. In CMR materials, the
magnetic ﬁeld reduces the spin disorder leading to a suppression of
the electrical resistance [4]. Therefore, the magnetic ﬁeld drives a
phase transition from a paramagnetic (PM) insulator to a ferro-
magnetic (FM) metal leading to CMR effect [5]. While, the positive
colossal magnetoresistance (þCMR) is rare, and seems.V. This is an open access article ucounterintuitive since the applied magnetic ﬁeld should reduce the
magnetic disorder and enhance the electrical conductivity [6]. The
fundamental ﬁrst-principles suggest that the local antiferromag-
netic (AFM) complex perovskite metals, at strong coupling, should
in general be good candidates for such unusual magnetic ﬁeld
response. Complex perovskites have been explored as FM metals,
such Sr2FeMoO6 [1,6,7], or as AFM insulators, such Sr2FeWO6 [8]. In
addition to, the transitions of the electronic and magnetic proper-
ties from FM-metal to AFM-insulator were observed in the
electron-doped complex perovskite oxide Sr2FeMoxW1xO6 with
decreasing the amount of x [9]. Also, this FMeAFM transitions were
detected in complex perovskites Sr2FeMO6, when
M ¼ Mo/ M ¼ W, respectively [10]. Such private behavior draws
attention to the unique and remarkable structural, electronic and
magnetic properties that characterize transition-metal complex
perovskite oxide materials.
Based on band structure calculations in half-metallic (HM)
complex perovskites, HM attributable to a band gap at Fermi energy
(EF) for one spin channel N[(EF) or NY(EF) and a continuous band in
the other spin channel; the spin-magnetic moment per formula
unit is quantized that is, an integer number times Bohr Magneton
(mB). Apart from an FM phase with parallel ionic spin arrangements
(m[em[ or mYemY), an AFM phase, where different ionic spins
are aligned antiparallel (m[emY or mYem[), is another possi-
bility. In AFM phase, the net spin-magnetic moment per formula
unit must be zero (m ¼ 0 mB) if the complex perovskite possesses
the HM-AFM electronic and magnetic properties. Clearly, in HM-nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Table 2
Structural data of the Ba2CoWO6 formula unit, exploited in the FPLMTO calculations.
Atom Site Occupancy Position (x, y, z) MTR (a.u.)
LSDA LSDA þ U
Ba2þ 8c 1 (0.25, 0.25, 0.25) 3.795 3.831
Co2þ 4a 1 (0.50, 0.50, 0.50) 2.481 2.530
W6þ 4b 1 (0.00, 0.00, 0.00) 2.138 2.147
O2e 24e 1 (0.2613, 0.0, 0.0) 1.485 1.492
M. Musa Saad H.-E. / Computational Condensed Matter 1 (2014) 14e18 15AFM phase, there are at least two different ionic spins are anti-
parallel and hence canceling each other exactly [11]. The exchange
interactions [eBeOeB0e] between the spin-magnetic moments of
two transition-metal ions in complex perovskite A2BB0O6 are sup-
ported to play a major role in causing FM or AFM magnetic phase
[12,13]. As a result, these mechanisms give rise to an exotic variety
of FM and AFM, speciﬁcally in complex perovskites, where AFM
phase is extremely rare.
Like other known complex perovskites, Ba2CoWO6 did not ﬁnd
enough attention; there are only a few experimental investigations
on Ba2CoWO6, for example, early in 1976, D.E. Cox et al. reported
that Ba2CoWO6 is an AFM material with low Neel temperature
TN ¼ 19 K [14]. In the present paper, the electronic and magnetic
structures of ordered Ba2CoWO6 have been studied. Lattice con-
stants, band gap, density of states are calculated for the ﬁrst time
using the self-consistent full potential linearized mufﬁn-tin orbital
(FPLMTO) method within the von Barth-Hedin localized spin
density approximation (LSDA). It is expected that the present study
will help in understanding of the magnetic behavior of Ba2CoWO6
and the paper will also cover the lack theoretical data on crystal,
electronic and magnetic structures of this interesting compound.
2. Materials characterization and crystal structures
In the current paper, a theoretical study on the contribution of
Co (3d) and W (5d) orbitals to the electronic and magnetic struc-
tures of complex perovskite Ba2CoWO6 has been carried out.
Where, cobalt Co and tungsten W atoms having the ordinary
electronic conﬁgurations [Ar] 4s2 3d7 and [Xe] 6s2 4f14 5d4,
respectively, [Ar] and [Xe] denote the conﬁgurations of Argon and
Xenon cores. Co ions in complex perovskites exhibit small range of
possible oxidation states, where 2þ is more stable energies
[14e16]. Hence, the valence conﬁgurations of ions in Ba2CoWO6
according to Hund's rules are Co2þ (3d7) in the high spin state and
W6þ (5d0) with valence spin-magnetic moments of S ¼ 3/2 and
S ¼ 0, respectively. Consequently, the theoretical total spin-
magnetic moment is 3.0 mB per formula unit for the ferrimagnetic
[Co (3d)[eW (5d)Y] ground state of Ba2CoWO6.
Table 1 displays the calculated crystallographic data of ordered
complex perovskite Ba2CoWO6 compared with the experimental
results. The crystal structure of Ba2CoWO6 is cubic, space group of
(Fm-3m; No. 225), with theoretical lattice constant of
(a ¼ 8.0310 Å). The theoretical results are 99% in agreement with
the experimental values [14e16]. According to face-centered cubic
(FCC) arrangement and (Fm-3m) space group, the atomic positions
in formula unit of Ba2CoWO6 are set at 8c, 4a, 4b and 24e sites,
respectively, see Table 2. The magnetic structure in complex
perovskite Ba2CoWO6 can be attributed to the AFM super-exchange
interaction between two the different transition-metal ions via
intermediate O2 ions (CoeOeW). In addition, the naturally smallTable 1
Calculated (Cal.) and experimental (Exp.) crystallographic data of Ba2CoWO6.
Property/Method Cal. Exp. [14e16]
Crystal structure Cubic Cubic
Symmetry Fm-3m Fm-3m
Lattice constants a ¼ b ¼ c (Å) 8.0310 8.1080
Formula unit Volume V (Å3) 517.97 531.78
Tolerance factor t 1.0382 1.0380
O (x,0,0) 0.2613 0.2625
Bond-distance (Å) <BaeO> 2.8408 e
<CoeO> 2.0985 2.0023
<WeO> 1.9170 1.9250
Bond-angle (deg) CoeOeW 180 e
CoeOeCo 90 espin-magnetic moment at W6þ (5d0) ions is believed to be not
intrinsic, but is induced by the strong spin-magnetic moment at
Co2þ (3d7) ions.3. Computational methods
In the present study, the theoretical calculations of the elec-
tronic and magnetic structures of complex perovskite Ba2CoWO6
have been performed by using the full potential linearized mufﬁn-
tin orbital (FPLMTO) method [17], in the framework of ﬁrst-
principles density functional theory (DFT) [18], implemented in
the LMTART computational code [19]. During the last two decades
years the linear mufﬁn-tin orbital (LMTO) method has been one of
the most commonly employed methods in electronic band struc-
ture calculations. In particular, this due to simplicity of LMTO, and
extreme computational efﬁciency it has been extensively used in
total energy calculations for closed-packed high symmetry systems
where the all-electrons full-potential (FP) approximation, within
the atomic plane wave expansion (PLW), may be applied with
sufﬁcient accuracy. In LMTO approximation, the potential V(r) is
assumed to be spherically symmetric inside the mufﬁn-tin spheres
(MTSs) and to be ﬂat with a constant value between the MTSs, in
the interstitial (IS) region, as follow:
V

r! R!

¼

VðrRÞ; rR  SR
V0; rR > SR (2)
where, the position rR ¼
 r! R! [20]. Since in LMTO method, it
assumed zero kinetic energy in the IS, this method is good for
closely packed structures for small IS. Consequently, in most
condensed materials with small IS, the MT potential is very close to
the all-electron full-potential.
The self-consistent (SCF) calculationwith PLW basis the number
of k-point was chosen to be 80, and has checked for convergence.
Also, the SCF was achieved with (8 8 8) k-points in the Brillouin
zone. The mufﬁn-tin radii (MTRs), in atomic units (a.u.), were
chosen as shown in Table 2, from the charge neutrality condition
inside the atoms; so that, the total formula unit volumewas close to
the experimental value. The density plane cutoff was taken to be
(Lmax ¼ R  Kmax ¼ 6.0), where R is the smallest MTR, and Kmax is
the PLW cutoff. In SCF, the total energy, charge density and
magnetization convergences are better than 0.001 Ry, 0.01 mRy
and 0.01 mRy, respectively.
The density functional theory (DFT) is a robust and very accurate
modern theory that used to describe the ground-state electronic
structure of materials. In the generalization of DFT to spin-
polarized system, the charge density r(r) decomposes into two
spin densities; spin-up (r[) and spin-down (rY) [20]:
r

r
 ¼ rðrÞ[ þ rðrÞY (3)
The Hohenberg and Kohn (HK) theorem [18,21] in this case
postulates that the ground-state total energy is a function of the
spin densities:
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Therefore, in spin-polarized system, DFT employs two spin-
densities to form the exchange-correlation energy (EXC) by using
the LSDA method, as:
ELSDAXC

r[; rY
	 ¼
Z
εxc

r[

r

; rY

r
	
r

r

dr (5)
where, εxc is the exchange-correlation energy per electron in spin-
polarized system [22]. However, LSDA has a deﬁciency in describing
the electronic and magnetic properties of transition-metal oxide
materials [14,16]. There were several attempts to improve on LSDA
in order to take into account the strong electroneelectron corre-
lations. One of the most popular approaches is the LSDA þ U pro-
cedure; it reproduces quite well the localized nature of the d-
electrons in transition-metals. In LSDA þ U formalism, the energy
functional in LSDA is expanded to include two additional terms; the
on-site orbital-dependent energy term casts as a Hubbard potential
(U), the Coulomb repulsion between d-electrons, and an inter-
atomic Hund's exchange energy (J) [22e24]. Accordingly, the EXC (in
Eq. (5)) can be expanded into the accurate form:
ELSDAþUXC

r[; rY
	 ¼ ELSDAXC r[; rY	þ EUXCr[; rY	 (6)
where, the correction term in LSDA þ U procedure (Hubbard en-
ergy) is:
EUXC

r[; rY
	 ¼ U  J
2
X
i
X
ms
rims

1 rims

(7)
where, rims denotes the spin-s and orbital-m occupation numbers
at the site-i.
For the strongly correlated Ba2CoWO6 material, the exchange
and correlation effects for Co (3d) and W (5d) electrons have been
treated within the LSDA and LSDA þ U procedure. Where, the on-
site Coulomb energy (U) and Hund exchange (J) parameters
(U ¼ 5.0 eV, J ¼ 0.98 eV) and (U ¼ 1 eV, J ¼ 0.98 eV) are used for 3d
and 5d states [25], respectively.
4. Results and discussion
The spin-polarized total density of states (TDOS) per formula
unit of Ba2CoWO6, in LSDA (U ¼ 0), reveals the compound to beFig. 1. Calculated TDOSs from LSDA and Lhalf-metallic with small energy-gap, which is contrary to the
experimental observation. However, with even a suitable value of
the electroneelectron interaction, speciﬁcally, the Coulomb repul-
sion energy U, Ba2CoWO6 exhibits half-metallic behavior with an
insulating energy-gap in the spin-up channel (þTDOS) and a
conductive feature for the spin-down channel (eTDOS). The DFT
calculations in (LSDAþ U) procedure were performed for a range of
U values between 1.0 eV and 8.0 eV. The appropriate values of U,
which give convergence, and correspond to the experimentally
determined by the band energy-gap is found to be U¼ 5.0 eV for Co
(3d) electrons and U ¼ 1.0 eV for W (5d) ones, implied strong and
weak correlations for the 3d and 5d transition electrons, respec-
tively, in Ba2CoWO6 compound.
Fig. 1 shows the total densities of states (TDOSs) of Ba2CoWO6
from LSDA (U ¼ 0 eV) and LSDA þ U (U (Co) ¼ 5.0 eV and U
(W) ¼ 1.0 eV). Ba2CoWO6 clearly exhibits half-metallic character
with an energy-gap (Eg) in spin-up channel (TDOS[) and a
continuous band in spin-up channel (TDOSY), in agreement with
experimental results [15]. The calculated energy-gaps are
(Eg[ ¼ 1.37 eV; from 0.76 eV to 0.61 eV) from LSDA calculation
and (Eg[ ¼ 2.37 eV; from 1.55 eV to 0.82 eV) from the LSDA þ U
calculation. This elongating in energy-gap reﬂects the effect of the
repulsion energy (U ¼ 5.0 eV) in LSDA þ U procedure, which opens
the TDOS[ bands. Whereas, there are states of Co (3d) ions in both
spin-up [Co (3d)[] and spin-down [Co (3d)Y] channels of the
valence band (VB), Fig. 2, and are responsible for the HM effect in
Ba2CoWO6. On the other hand, W (5d) ions have a tiny contribution
in the conduction band (CB), Fig. 2. The states close to the EF in CB,
however, has dominant contribution fromW (5d)[ ions in the spin-
up channel and Co (3d)Y ions in the spin-down channel. While in
the spin-up channel, there is strong hybridization between Co2þ
(3d7) and O2 (2p) ions in the VB and relatively weak bonding
betweenW6þ (5d0) and O2 (2p) ions in the CB. The bandwidths are
(DWY ¼ 1.03 eV; from 0.76 eV to 0.27 eV) and (DWY ¼ 1.36 eV;
from 0.87 eV to 0.49 eV) from LSDA and LSDA þ U calculations,
respectively. Thus, the more extended of DW in the LSDA þ U band
revealing also the effect of energy (U ¼ 5.0 eV) on the 3d and 5d
states in the ionic bond [Co2þ (3d7) eW6þ (5d0)].
The octahedral crystal ﬁeld (CF) produced by the O2 (2p)
octahedral, CoO2 andWO2 in Ba2CoWO6 complex perovskite, lifts
the degeneracy and leads to splitting of the 3d and 5d states of Co
and W ions, respectively, into t2g and eg sub-states. The spin
exchange-splitting between the t2g[ and t2gY and between the eg[
and egY sub-states are also observed for the Co (3d) ions, see Fig. 3.SDA þ U procedures for Ba2CoWO6.
Fig. 2. Calculated TDOSs and PDOSs from (a) LSDA and (b) LSDA þ U for Ba2CoWO6.
Fig. 3. Calculated t2g and eg PDOSs for Co (3d) and W (5d) in Ba2CoWO6 from LSDA.
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splitting due to the complete overlap of the spin-up and spin-down
of the t2g and eg sub-states. This observation indicates the non-
magnetic behavior of W (5d) ions in Ba2CoWO6, Fig. 4, as it sug-
gested by the 6þ valence state of W (5d) ions with an (5d6þ; t2g0 eg0)
occupancy, that is, W6þ (5d0) have empty sub-bands.
The spin exchange-splitting values are calculated and found to
be (Dex ¼ 1.40 eV) between the t2g[ and t2gY sub-states and
(Dex¼ 2.60 eV) between the eg[ and egY sub-states. And, the crystal
ﬁeld splitting for the Co (3d) ions is (Dcf ¼ 0.48 eV) between t2g[
and eg[ sub-states and (Dcf ¼ 1.73 eV) between t2gY and egY sub-
states. As seen in the spin-up channel in Figs. 3 and 4, both Co
(3d-t2g[) and Co (3d-eg[) sub-states are fully occupied compared
to the spin-down channel, where the Co (3d-t2gY) sub-states are
partially ﬁlled and Co (3d-egY) sub-states are empty as it expected.
As a result from this analysis, it is found that the occupations of Co
and W ions are Co (3d-t2g3 [t2g2 Yeg2) which signiﬁes the 2þ valence
state of Co ions, Co2þ (3d7). Therefore, Co2þ contributes to the total
and partial spin-magnetic moments in Ba2CoWO6. The calculated
partial spin-magnetic moment contributions from Co (3d) are
found to be (m ¼ 2.8211 mB/f.u.) and (m ¼ 2.8235 mB/f.u.), which are
in close agreement with the previously obtained values
(m ¼ 2.62 mB/f.u.) [5], and from the W (5d) are found to be
(m ¼ 0.1174 mB/f.u.) and (m ¼ 0.0724 mB/f.u.) in LSDA and
LSDA þ U, respectively, see Table 3. The total spin-magnetic mo-
ments obtained from the LSDA and LSDA þ U magnetic structure
calculations are (mTot ¼ 2.9929 mB/f.u.) and (mTot ¼ 3.0058 mB/f.u.),
respectively. These, also, suggest a high-spin conﬁguration for Co2þ
ions (3d7; t2g3 [t2g2 Yeg2, S ¼ 3/2 mB/f.u.) and a non-magnetic for W6þ
ions (5d0; t2g0 , S ¼ 0 mB/f.u.). The small deviation of the total spin-
magnetic moments with respect to the theoretical value
(m ¼ 3.0 mB/f.u.) is believed to be due the bond-valence and cor-
relation energy U effects.
As a ﬁnal point, the expected magnetic moment of double
perovskite oxide Ba2CoWO6 is discussed considering only the spin
contribution. The theoretical saturation magnetization of
Ba2CoWO6 can be estimated assuming the AFM coupling between
Co2þ (3d) and W6þ (5d) electrons, via:
MS ¼

1 2d

m

Co2þ[



1 2d

m

W6þY

(8)
where, mCo and mW are the spin-magnetic moments of Co2þ and
W6þ ions, respectively, and d is the amount of anti-site (AS)disorder of Co2þ and W6þ ions in the formula unit, where some of
Co ions exchange positions withW ions and vice versa. Accordingly,
the AS amount for Ba2CoWO6 is calculated and found to be
(d ¼ 0.0535) and (d ¼ 0.0463) from LSDA and LSDA þ U, respec-
tively. These small values of AS indicate that the crystal structure of
Ba2CoWO6 is fully ordered, as discussed in Section 2. In addition,
since, Co and W ions at the valence states of 2þ and 6þ, arising
from the spin-magnetic moment values (mCo ¼ 2.8211 mB 4
mMo ¼ 0.1174 mB) in LSDA and (mCo ¼ 2.8235 mB 4
mMo ¼ 0.0724 mB) in LSDA þ U, however, any charge distribution
between Co2þ 4 W6þ and Co3þ 4 W5þ in the CoeOeW super-
exchange interaction gives rise to a theoretical saturation magne-
tization of (3.0 mB/f.u.). Since the small Co/W disorder leads to an
AFM alignment of the neighboring Co ions, the saturation magne-
tization (MS) is reduced up to (MS ¼ 2.4144 mB/f.u.) and
(MS ¼ 2.4963 mB/f.u.) in LSDA and LSDA þ U, respectively.
Fig. 4. Calculated t2g and eg PDOSs for Co (3d) and W (5d) in Ba2CoWO6 in LSDA þ U.
Table 3
Calculated electronic and magnetic structures of complex perovskite Ba2CoWO6
from (LSDA) and (LSDA þ U) procedures.
Method LSDA LSDA þ U
Property
On-site Coulomb energy [U (Co-3d, W-5d)]
(eV)
(0.0, 0.0) (5.0, 1.0)
Spin-magnetic moment (mB/f.u.) mCo 2.8211 2.8235
mW 0.1174 0.0724
mTot 2.9929 3.0058
Saturation magnetization MS (mB/f.u.) 2.4144 2.4963
Anti-site of Co2þ/W6þ AS (%) 5.35 4.63
d-orbital electrons in spin [/Y
bands
Co2þ
(3d)
4.9098[/
2.1114Y
4.9913[/
2.2055Y
W6þ
(5d)
1.2471[/
1.3759Y
1.2178[/
1.2971Y
DOS at EF; [N (EF)] (State/eV/f.u.) 3.5322Y 3.8744Y
Band-gap Eg (eV) 1.37 2.37
Spin-polarization SP (%) 100.0 100.0
DE ¼ jEFMeEAFMj (meV/f.u.) 142.3 135.7
Electronic-Magnetic state AFM AFM
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In summary, the electronic and magnetic structures of complex
perovskite Ba2CoWO6 were studied by using the local spin density
approximation (LSDA) and (LSDA þ U) procedure, where the cor-
relation and exchange energies were taken into consideration. The
details of the electronic andmagnetic structures of Ba2CoWO6were
carried out by using the density functional theory (DFT) imple-
mented on the LMTART code. The crystal structure of ordering
Ba2CoWO6 is found to be face-centered cubic, space group (Fm-3m;
No. 225) with a lattice constant of (a ¼ 8.031 Å). The TDOS results
based on the DFT-FPLMTO within LSDA and LSDA þ U procedure,illustrated that Ba2CoWO6 is half-metallic (HM) with an insulating
energy-gap in spin-up TDOS and a conductive feature for the spin-
downTDOS. The insulator behavior for the spin-up orientationwith
an energy-gap of (Eg[ ¼ 1.37 eV) and (Eg[ ¼ 2.37 eV), and
conductor for spin-down orientation with a bandwidth of
(DWY ¼ 1.03 eV) and (DWY ¼ 1.36 eV) were formed within LSDA
and LSDA þ U results, respectively. Analysis of electronic structure
of Ba2CoWO6 by means of partial density of states for two spin
orientations (PDOS[Y) permitted to infer that the (t2gY) sub-states
are responsible chieﬂy by the conductive feature for both Co (3d)
and W (5d) states. Conversely, the insulator behavior of spin-up
conﬁguration can be attributed to (eg[) sub-states. Furthermore,
the crystal-ﬁeld splitting and the spin exchange splitting for t2g and
eg together with the [e Co2þ(3d) e O2(2p) e W6þ(5d) e] hy-
bridization were investigated by means of PDOS. The total spin-
magnetic moments of Ba2CoWO6 are (mTot ¼ 2.9929 mB/f.u.) and
(mTot ¼ 3.0058 mB/f.u.) achieved from the LSDA and LSDA þ U cal-
culations, respectively, which suggest Co2þ (3d7; t2g3 [t2g2 Yeg2, S ¼ 3/
2 mB/f.u.) and W6þ (5d0; t2g0 , S ¼ 0 mB/f.u.) with high spin conﬁgu-
rations. The small deviation of the mTot with respect to the theo-
retical value (m ¼ 3.0 mB/f.u.) is due the bond-valence and
correlation energy effects. Also the AFM coupling between Co2þ
(3d) and W6þ (5d) electrons is essential in Ba2CoWO6 to describe
properly the spin contributions to the saturation magnetization.
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